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Supplementary Note 1: Demonstration of 3D alignment

In the main text, both DBT and TBI were 3D aligned using an elliptically polarized laser pulse (3:1 intensity ratio).
An elliptically polarized pulse constrains all three axes of the molecule in the laboratory frame, as opposed to a
linearly polarized pulse, which only confines the most polarizable axis (1D alignment) and leaves the molecule
free to rotate around this axis.

5,5"-Dibromo-2,2':5’,2"-terthiophene (DBT)

Coulomb explosion of DBT produces both Br* and S* ions, which depart with (approximately) perpendicular
velocities. In an identical manner to our previous work on 3,5-dichloroiodobenzene? we can thus use the Br* ions
in the side view and S* ions in the end view to describe the 3D alignment. (See Fig. 2 in the main text for an
explanation of ‘end’ and ‘side’ views). Supplementary figure 1 shows the Br* and S*ion images at the peak of the
alignment pulse. With the linearly polarized alignment pulse, the Br* ions are strongly confined along the
polarization vector (the Y-axis) showing that the most polarizable axis (MPA) is aligned along this axis. The
simultaneous observation of a circularly symmetric S* ion image shows that the second most polarizable axis
(SMPA) is randomly distributed, that is the molecule is free to rotate around its MPA. This is the expected
behavior for 1D alignment.?

When the elliptically polarized pulse is used, the Br* ions remain confined along the Y-axis. The circular symmetry
of the S* ions is, however, broken and confinement of this ion species along the Y-axis is observed. This implies
that the SMPA is also aligned and thus we conclude, in line with previous works, that the DBT molecules are 3D
aligned.
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Supplementary figure 1: Demonstration of 3D alignment in DBT. lon images of Br* (a,b) and S* (c,d) produced
from Coulomb explosion of DBT molecules at the peak of either a linearly polarized (a,c) or an elliptically
polarized (b,d) alighment pulse with a peak intensity of 9x10 W / cm?,

5,7,5’,7’-Tetrabromoindigo (TBI)

In the experiments on the TBI molecule, we only recorded Br* ions, so an analysis similar to the one for DBT is
not possible. However, by considering both ion images and the corresponding angular covariance maps,® we can
definitively demonstrate that this molecule also 3D aligns.

Supplementary figure 2 shows Br* images, recorded in the side view, for a linearly polarized (a) and an elliptically
polarized (b) alighment pulse, as well as the corresponding angular covariance maps (c and d). The covariance
maps reveal possible correlations in the emission direction of the Br* ions from Coulomb explosion and thus can
be used to identify which positions on the molecule the Br* ions originate from.

For alinearly polarized alignment pulse the Br* image shows two pronounced blobs, marked by the purple circles,
confined along the Y-axis. We interpret these blobs as the result of the Br* ions originating from the Br atoms in
the 5 and 5’ position on the molecule, and so from the end of the molecule (see labelling in supplementary figure
2). A linearly polarized pulse should align the MPA along its polarization (coinciding with the Y-axis). Since the
axis connecting the 5-Br and the 5’-Br lies close to the MPA it should also be confined along the Y-axis and thus
the corresponding Br* ions should recoil approximately on this axis, consistent with the observation. The angular
covariance map corroborates this interpretation by revealing a strong correlation between Br* ions ejected at ¢
=0°and #=180° where fis the angle between the emission direction of the Br* ion and the Y-axis.
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Supplementary figure 2: Demonstration of 3D alignment in TBI. lon images (a,b) and angular covariance maps
(c,d) of TBI at the peak of alignment in side view, with either 1D (a,c) or 3D (b,d) alignment. In the cartoons at
the top, the detector is positioned below the molecules and the most polarizable axis is parallel to the Y axis. In
a, the position of the 3/3’ and 5/5’ Br* ions are indicated on the image.

The Br* ion image also shows a signal, marked by the red ellipse, confined along the X-axis. We interpret this
signal as stemming from the Br* ions originating from the 7 and 7" positions on the molecule. The linearly
polarized alignment pulse should only align the MPA but will leave the molecule free to rotate around this axis.
Therefore, the Br* ions from the 7 and 7 positions should be ejected in a ring normal to the MPA, which upon
projection on the detector should result in a stripe. This is consistent with the signal observed inside the red
ellipse on supplementary figure 2a. Again, the angular covariance map corroborates this interpretation:
delocalized diagonal stripes with a relative angle of 90° are visible, indicating that 7 or 7’ Br* ions are detected in
coincidence with an aligned 5 or 5’ Br* ion, with all starting angles equally likely.

For the elliptically polarized pulse, the confined blobs along the Y-axis are still present showing that that the MPA
remains aligned. The signal along the X-axis has, however, disappeared. This shows that the 7 or 7’ Br* ions are
no longer randomly ejected around the Y-axis. Instead, they must be ejected perpendicular to the detector plane,
and so along the Z-axis. Since the emission direction of the 7 or 7’ Br* ion should approximately indicate the



alignment of the SMPA we conclude that the SMPA is aligned along the Z-axis, and so the molecule is 3D aligned.
This is corroborated by the vanishing of the diagonal stripes in the covariance map, indicating that we can no
longer detect coincident ion pairs from the lateral (7,7’) or end (5,5’) positions of the Br atoms.

Supplementary Note 2: Simulations of gas phase I,

To rule out the possibility that the long-lived field-free alignment we observe in helium droplets can be explained
as either an effect of temperature or modified moment of inertia, we have performed simulations of the
alignment dynamics of gas phase |,. The simulations were performed by solving the time dependent Schrodinger
equation for a linear I, molecule in the presence of an electric field with an envelope and intensity matching the
experimental pulse. The initial state population was determined from a Boltzmann distribution, and focal volume
averaging effects were taken into account. Details on the simulations have been presented previously.*®

Supplementary figure 3 presents the results of these simulations, along with the experimental alignment
dynamics for I, in both the gas phase and solvated in a helium droplet. As a benchmark, dynamics were simulated
for I, at the estimated experimental gas phase rotational temperature of 1 K (blue line). The alignment minimum
is at 14 ps, in good agreement with the experimental minimum at 13 ps (dotted line). Next, we simulated the gas
phase dynamics at 0.4 K, the temperature inside helium droplets (orange line). The minimum shifts to 18 ps,
however this is still very far from the experimental helium solvated minimum at 35 ps, hence temperature alone
cannot explain the slower dynamics in helium droplets.

Secondly, we considered the possibility that slow dynamics in helium droplets are due to an increase of the
effective moment of inertia. Rotational spectroscopy has shown that helium solvation increases the effective
moment of inertia for many molecules I¢ by as much as around three-fold.®’ The effective moment of inertia
in I, has been estimated as Io¢s = 1.7 X I, where I, is the moment of inertia for isolated I,.2 We see that neither
1.7 nor 3 X I, (yellow & purple lines) are sufficient to reproduce the experimental minimum. In fact, an Il =
Iy X 10 is required to sufficiently delay the alignment minimum. Such a large I.¢r is unphysical, and hence we can
also rule out simple effective moment of inertia increases as the cause of the slow dynamics.
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Supplementary figure 3: The early time alignment dynamics of I, with truncated pulses. Black dashed and
dotted lines, respectively, show experimental values in helium droplet and gas phase environments. Coloured
lines show simulated gas phase dynamics for different rotational temperatures and effective moments of
inertia.



Supplementary Table 1: Molecular Polarizabilities and Moments of Inertia

Supplementary table 1 lists the polarizability and moment of inertia tensors for the molecules used in this study.
The reference frame is chosen such that the polarizability tensor is diagonal. The molecular structures are shown
with the most polarizable axis horizontal, the second most polarizable axis vertical, and the third most polarizable
axis going into the page; the coordinate system used is defined in the top-left cell. The arrows under the
molecular structures show the A and B axes of rotation in this frame. The moment of inertia tensors are shown
in the same polarizability reference frame. Off-diagonal elements are seen for DBTP and TBI, indicating that the
axes of most polarizability and inertia do not coincide exactly. The values for I, were taken from the literature,’
while the other molecules were calculated using a density functional method ,Wb97xD,% in the Gaussian09
package.'* For DBTP and TBI, the basis set was aug-pcseg-n from Jensen and coworkers!? while for DIBP
Def2QZVPP® was chosen due to the presence of the iodine atom.
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